Stable carbon isotope analysis of chironomid larvae gave rise to the hypothesis that methane-oxidizing bacteria can provide an important food source for higher trophic levels in lakes. To investigate the importance of the methane cycle for the larval stable carbon signatures, isotope analysis and microbiological and biogeochemical investigations were combined. The study was based on comparison of a dimictic lake (Holzsee) and a polymictic, shallow lake (Großer Binnensee), both located in northern Germany. Both lakes are inhabited by Chironomus plumosus larvae, which exhibited a stronger 13 C-depletion in Holzsee than in Großer Binnensee, indicating a greater contribution of methane-carbon in the former. Indeed, the processes involved in the microbial methane cycle were found to be more active in Holzsee, showing higher potential methane production and methane oxidation rates. Consistently, cell numbers of methane-oxidizing bacteria were with 0.5 À 1.7 · 10 6 cells g À1 dw about one order of magnitude higher in Holzsee than in Großer Binnensee. Molecular analysis of the microbial community structure revealed no differences in the methanotrophic community between the two lakes, with a clear dominance of type I methanotrophs. The methanogenic population seemed to be adapted to the prevailing substrate in the respective lake (H 2 /CO 2 in Holzsee and acetate in Großer Binnensee), even though differences were minor.
Introduction
Microbial methane production and oxidation are important processes in the mineralization of organic material. They are controlling the sedimentary methane cycle, relevant for the emission of the greenhouse gas methane to the atmosphere. A recent survey on methane emissions from lakes showed that lakes contribute 6-16% of the global natural methane emissions [1] . Besides its importance in the carbon export from lakes, methane oxidation (MO) leads to the build up of microbial biomass, which can be used as an internal carbon source at the basis of the trophic system in the lake.
In metabolic steps along the food web, the preferred reaction of 12 C carbon leads to an enrichment of the lighter isotope 12 C instead of 13 C in organic compounds, enabling food web studies by stable carbon isotope analysis. The carbon isotope fractionation of methanogenic archaea is pronounced and leads to a distinct, very depleted signature of the methane produced, with d 13 C signatures as low as À50& to À110& [2] . The distinct carbon signature of biogenic methane can be used as a tracer for the recycling of methane-carbon into the food web of lakes. Indeed, recent food web studies based on stable carbon isotope analyses of chironomid larvae revealed a possible link between the microbial methane loop in sediments and higher trophic levels in aquatic systems [3] [4] [5] [6] . The 13 C-depletion found for the larval biomass compared to mean d 13 C values of sediment and particulate organic matter led to the hypothesis that chironomid larvae assimilated a dietary food source based on methane-oxidizing bacteria (MOB), which had converted isotopically light biogenic methane into biomass. A comparison of larval d 13 C and corresponding lake characteristics supported this hypothesis [4] .
In this study, we investigated the methane cycle and the isotopic signature of chironomid larvae in parallel, to get a more detailed picture of their mutual interaction. For this purpose, we chose two eutrophic lakes with contrasting morphology: Großer Binnensee (GB), a shallow, well-mixed (polymictic) lake and Holzsee (Hz), a summer stratified (dimictic) lake with regularly occuring anoxia in the hypolimnion, both located in northern Germany. We hypothesized that methane is produced in the sediments of both lakes, but with higher rates in the dimictic lake Hz, fuelling a more active MO and consequently resulting in higher cell numbers and more biomass of MOB in the sediment. The higher availability of MOB biomass as a food source for chironomid larvae leads to a more pronounced 13 C-depletion of the larvae in the dimictic lake. Differences in larval d 13 C between lakes, on the other hand, could also be dependent on differences in the methane d 13 C of these lakes, which is strongly influenced by the metabolic pathway used for methane production [2] . The fractionation between methane and the biomass of MOB depends on the prevailing family of MOB, resulting in no fractionation for type II MOB biomass compared to the signature of methane if methane is limiting, and a fractionation of À13& to À30& for type I MOB [7, 8] . Besides the quantitative aspect of the interaction between methane turnover and larval d 13 C, the community structure of methanogens and methanotrophs is important to estimate the isotopic signature of the methane-based food source. Therefore, possible qualitative differences in the methanogenic and methanotrophic community were investigated by denaturing gradient gel electrophoresis (DGGE) as fingerprinting method.
Materials and methods

Sampling sites
The two lakes investigated, GB and Hz, are located in the Holsteiner Lake District, northern Germany (54°19 0   40 00 N, 10°37 0 30 00 E for GB and 54°09 0 36 00 N, 10°11 0 04 00 E for Hz). Their most important characteristics are summarized in Table 1 . Hz is a dimictic lake with regular oxygen depletion in the hypolimnion throughout the summer stratification period. GB is shallow (mean water depth 2 m) and polymictic. Sediment and chironomid larvae were sampled in August 2003 at a water depth of 6 m in Hz and 3 m in GB. Oxygen and temperature profiles were measured with a WTW oxygen probe EOT 190 (Oximeter Oxi 191, WTW, Germany).
Preparation of chironomid larvae and sediment samples for stable carbon isotope analysis
Fourth instar Chironomus plumosus larvae were sieved in situ from sediments collected using an Ekman grab. The larvae were left overnight in filtered tap water (0.2 lm) at ambient temperature for gut clearance. Faecal material was removed to prevent coprophagy and fixed with para-formaldehyde for fluorescence in situ hybridization (FISH). Individual larvae were oven-dried at 60°C, homogenized and stored for subsequent stable isotope analysis by continuous flow isotope ratio mass spectrometry as described by Grey et al. [3] . Sediments were acidified (0.5 M HCl) for 24 h to remove inorganic carbon according to Midwood and Boutton [9] , and prepared and analyzed as for chironomids. The isotopic ratios were expressed in the delta notation: d 13 C = 10 3 (R sa / R st À 1) with R = 13 C/ 12 C of sample (sa) and standard (st), respectively [3, 10] . [59] , except for oxygen concentrations and temperatures, which were measured at the water surface (left) and above the sediment surface (right) during the current study.
Potential methane production rates
To account for small-scale heterogeneity in the sediment, triplicate sediment cores were taken adjacent to the area sampled for chironomids. Cores were closed with rubber stoppers and transported to the laboratory immediately after sampling, where they were divided into layers of 0-6, 6-12 and 12-20 cm sediment depth. The triplicate depth layers were combined for further analyses. Sediments were converted into slurries by the addition of autoclaved and deoxygenated tap water in a ratio of 1:1 (w/w).
Three replicates of 50 ml slurry from each sediment layer were flushed with N 2 and incubated in serum bottles to determine the initial potential methane production rate (MPR), and to collect the methane for stable carbon isotope analysis by gas chromatograph-combustion-isotope ratio mass spectrometry as described by Krü ger et al. [10] . These incubations are in the following text referred to as ''initial incubations''. After this initial incubation, a ''substrate and inhibitor experiment'' was set up with the slurries. The three replicates of each sediment layer were mixed and divided into 15 replicates of 9 ml in Hungate tubes with a total volume of 16 ml. All tubes were sealed with butyl stoppers and repeatedly flushed with N 2 to remove residual O 2 . Substrates or inhibitor were added to triplicates of each sediment layer as described below and three parallels without addition were used as controls. As substrates, acetate (10 mM) and H 2 /CO 2 (50%/10% (v/v)) were used, to study effects on MPRs and to assess their importance as substrates in the sediment. The fraction of methane produced from H 2 /CO 2 (f H 2 ) was determined using methyl fluoride (CH 3 F 99%, ABCR Karlsruhe, Germany) as a specific inhibitor of acetate-dependent methanogenesis [11] [12] [13] . The f H 2 was calculated by comparing the MPRs after addition of methyl fluoride (final concentration 0.5%) to those in control tubes. Bromoethanesulfonate (BES, 10 mM) was added to another 3 replicates to completely inhibit methane production [14] and to get an accumulation of the precursor acetate.
After 3 weeks incubation, at the end of the ''substrate/inhibitor experiment'', 2 ml slurry samples were taken from control, methyl fluoride and BES tubes, and centrifuged at 13,000 rpm for 4 min. The supernatant was frozen at À20°C for acetate analysis by high performance liquid chromatography (HPLC) [15] . After further enrichment of methanogens in the control tubes for an additional two weeks, slurry samples (0.7 ml) were taken for DNA extraction and stored at À20°C.
All incubations were conducted in the dark at 8°C. Headspace gas samples were taken twice daily in the substrate/inhibitor experiment or each second day in initial incubations after heavy shaking of the tubes by hand, and analyzed for methane and methyl fluoride on a gas chromatograph (HP 5890 series II, Agilent Technologies, Palo Alto, USA), equipped with an HP Plot Q capillary column (Agilent Technologies, Palo Alto, USA) and a flame ionization detector. MPRs were calculated by linear regression of the methane increase with incubation time, and expressed in nmol CH 4 
À1 of sediment. The MPRs calculated were statistically analysed for differences between lakes and depths by two-way ANOVA tests (SigmaStat 3.1).
Methane oxidation rates and cell counts of methane oxidizing bacteria
Potential methane oxidation rates (MORs) were measured in the same sediment layers as described for methane production. Triplicate 10-ml slurries were transferred into sterile serum bottles (total volume 50 ml) and sealed with butyl stoppers. Methane was added to a final concentration of 3% in the headspace. Bottles were incubated at 8°C in the dark on a rotary shaker at 120 rpm. Methane depletion was followed by sampling the headspace, with the first sample taken 15 min after amendment with methane, followed by sampling at 2 h intervals. Potential MO was calculated by linear regression from the depletion curves and is given as mean ± standard deviation of the triplicate incubations per sediment layer in lmol CH 4 g À1 dw h À1 of sediment. The MORs calculated were statistically analyzed for differences between lakes and depths by two-way ANOVA tests (SigmaStat 3.1). At the end of the experiment, enrichment cultures for MOB were set up with 1 ml of the slurry of each parallel in modified NMS medium (see below). Additionally, 0.7-ml aliquots of the slurries were frozen for DNA extraction and 0.3-ml aliquots fixed with para-formaldehyde for FISH. These samples are referred to as MOR samples.
Cell numbers of MOB were determined by most probable number (MPN) technique in the three depth layers of the sediments. Each sample was diluted in 2-fold steps in 8 replicates (microtiter plates) and in two parallel plates as described by Eller and Frenzel [16] , using nitrate mineral salt medium with 1/10 of standard nitrate concentration (modified after Whittenbury et al. [17] ). Inoculated plates were incubated in gas tight jars at 10°C for at least 8 weeks in the dark, with one parallel microtiter plate incubated in an atmosphere with 20% CH 4 in air, and the other in ambient air as control for heterotrophic growth. Cell numbers were analysed by t-tests to verify that differences were statistically significant.
Enrichment cultures for methane-oxidizing bacteria
After a short-term enrichment of MOB in the sediment slurries with 3% methane in the headspace for about one week (measurement of potential MO rates), 1 ml of the slurries was transferred into 10 ml of nitrate mineral salt medium, with 1/10 of standard nitrate concentration as used for most probable number determinations. In these incubations, 20% methane was added to the headspace and the cultures were incubated at 8°C in the dark on a rotary shaker at 120 rpm. The enrichment was subcultured three times with 1 ml inoculum in 10 ml medium. Each subcultivation took place after approximately three weeks, until no sediment particles were remaining in the culture. After that, two further subcultivations with 0.7 ml inoculum in 10 ml medium were carried out before the bacterial biomass was harvested by centrifugation for DNA extraction (6 ml culture) and fluorescence in situ hybridization (4 ml culture). DNA extraction and FISH were carried out as described for sediment samples.
Fixation and fluorescence in situ hybridization
For FISH, samples of sediment slurries (0.3 ml), cultures or larval faeces were fixed with 4% para-formaldehyde solution and stored in ethanol:PBS (1:1 (v/v)) at À20°C [16] . Prior to hybridization, 2 ll of fixed sample were mixed with 8 ll melted 0.2% agarose, transferred to 8-well coated slides and dried at 46°C for about 15 min. Autofluorescence in the sediment samples was quenched with toluidine blue [16] . Samples were simultaneously hybridized with the universal eubacterial probe Eub338 [18] , and probes Ma 450 for Methylocystaceae and Mc 84 and 705 for Methylococcaceae [19] , and additionally DNA stained with DAPI (4 00 , 6-Diamidino-2-phenylindole, Sigma, Germany). Probes were synthesized and labelled with fluorochromes (Fluorescein-isothiocyanat, CY3, CY5) by Thermo Hybaid/Interaktiva (Germany). Coverslips were mounted with a 5 + 1 mixture of Citifluor (Citifluor Ltd, UK) and Vecta shield (Vector Laboratories Inc, Canada) and fixed with colorless nail varnish. Slides were analyzed using a Zeiss axioplan 2 microscope (Zeiss, Germany), equipped with a 100· oil immersion lens, 1.25· Optovar and F-View digital black and white camera. AnalySIS 3.0 software (Soft Imaging System GmbH, Germany) was used for image analysis.
DNA extraction and PCR amplification
The DNA extraction was based on cell lysis with 10% lauryl-sulfate solution (10% SDS in 0.5 M Tris/HCl, pH 8.0, 0.1 M NaCl) and horizontal shaking for 45 s (Vortex Genie 2 with adapter 13000-V1, MoBio Laboratories Inc., USA) after addition of zirconium-silica beads, followed by DNA purification using NH 4 -acetate and isopropanol precipitations as described in detail by Henckel et al. [20] .
To amplify the 16S rRNA gene of eubacteria, the primer sets GM3/GM4 [21] and 533f/907r [22] were used. The 16S rRNA gene of methanotrophs was amplified using the primers MethT1d F/MethT1b R for type I MOB and 27 F/MethT2 R for type II MOB, followed by a nested PCR approach for DGGE analysis (primer set 358 F GC/517 R), all previously described by Wise et al. [23] .
Methanogenic archaea were investigated via the genes for the key enzyme methyl-coenzyme M reductase (Mcr), using the primers and PCR conditions described in Hales et al. [24] and Springer et al. [25] , with the GCclamp [23] attached to the forward primer. The amplification of mcrA-genes was followed by DGGE analysis as described in detail by Watanabe et al. [26] and Inagaki et al. [27] , applying a denaturing gradient of 30-60%.
DGGE and phylogenetic analysis of band sequences
DGGE analysis was carried out in a Dcode System (BioRad, Germany) at 60°C, with denaturing gradients used according to the description of the respective authors named for the primer sets above (80% urea/ formamide corresponding to 5.6 M urea and 32% deionised formamide). For a better band resolution, an acrylamid gradient was applied in parallel to the denaturing gradient, ranging from 6% to 8% acrylamide. Gels were run for 20 h at 60°C and 100 V, afterwards stained with SYBR-Gold for 45 min in the dark (Molecular Probes, USA) and scanned with a Syngene PTS 20 M imager (Synoptics LTD, UK). Bands were excised, re-amplified and sequenced (performed by MWG, Germany), and sequences analyzed as described previously by Eller and Frenzel [16] . They were checked for next relatives by BLAST search in the recent Genbank Data Library (http://www.ncbi.nlm.nih.gov/BLAST/), and aligned and phylogenetically analysed with the ARB software package [28] . The database used was based on the ssuJan03 database and updated with methanotrophic and related sequences, containing approximately 26,000 sequences in total.
The phylogenetic tree for type I MOB (Methylococcaceae) was calculated with full length sequences by Neighbour Joining (ARB). Partial sequences derived from DGGE bands were added to this tree, using the Maximum Parsimony algorithm and only the positions present in the partial sequences, resulting in 155 valid columns. The tree topology was kept constant during addition of partial sequences [29] .
Nucleotide accession numbers
The partial sequences of methanotroph 16S rRNA genes (DGGE bands) used for tree calculation have the GenBank Accession numbers AJ863013-AJ863037.
Results
Isotope analyses
Individual larvae collected in Hz exhibited d
13 C values between À35.2& and À55.0& (mean ± SD: À46.9 ± 4.1&, n = 31). Larvae were 13 C-depleted by about 20& compared to the sediment isotope values of À27.2&, determined for all three layers in Hz (Table 2A) . The extent of larval isotopic variability and the degree of 13 C-depletion in GB were less pronounced than in Hz. Mean larval d 13 C from GB was À30.6 ± 1.4& (n = 19), while the sediment d 13 C was around À18& (Table 2A) .
Methane production rates and methane d 13 C
In the initial sediment incubations from GB, methane production started only after an adaptation phase of 500-1000 h, compared to 200-300 h in Hz. Potential MPRs in Hz were highest at the sediment surface, with 39. (Fig. 1) . A two-way ANO-VA analysis of the MPRs revealed significant differences between the two lakes, between the three depth layers of the two lakes and between the depth layers within each lake. Also, a statistically significant interaction between lake and depth was found. The methane produced in these initial incubations differed in its d
13 C-value with sediment depth and revealed opposing depth patterns for the two lakes (Table 2A ). In Hz, methane became more 13 C-depleted with sediment depth (from À74& in the top to À82& in the deepest layer), whereas in GB methane was less 13 C-depleted with depth (À73& to À57&).
In the substrate and inhibitor experiment, methane production was strongly stimulated by the addition of acetate and H 2 /CO 2 in all three depth layers of both lake sediments, with H 2 /CO 2 leading to significantly higher MPRs than acetate addition (Fig. 2) . The differences in MPRs between the sediment depth layers within one lake and within one substrate treatment were not always statistically significant.
The overall much higher capacity for methane production detected in Hz might be due to the presence of higher cell numbers of methanogens than in GB sediment, which might be maintained by the overall preferable conditions for methanogenesis in Hz, with an anoxic water column above the sediment and high amounts of organic carbon introduced to the lake from the surrounding trees and pasture. In the top two layers of Hz sediment, 44% of the methane was produced from H 2 / CO 2 in contrast to 20% in the 12-20 cm layer. In the GB sediment, the proportion of methane produced by CO 2 -reduction was calculated to be 59%, 33% and 73% for the 0-6, 6-12 and 12-20 cm layers, respectively (Table 2B).
The inhibition of methane production by BES addition did not result in an accumulation of acetate in the sediment porewater.
Diversity of methanogens
In order to analyze the methanogenic community, DGGE fingerprints of sediment samples and slurries were obtained. In the sediment samples of both lakes, a limited methanogenic diversity with 2-4 dominant bands was detected. Furthermore, negligible differences between different depth layers of the sediment were observed. In GB, sequences of excised bands were most closely related to Methanospirillum hungatei, Methanoculleus thermophilus or Methanoculleus bourgensi. A third band appeared in the deeper layers (6-12 and 12-20 cm), related to Methanosarcina acetivorans. In the deepest layer, sequences most closely related to those detected in forest soil were found [30] . In Hz, sequenced bands again showed greatest homology with these forest soil sequences. Another two bands occurring in all samples clustered with Methanospirillum hungatei and an uncultured Methanomicrobiaceae (strain Ebac, [25] ). The prolonged incubation of the sediment in the control tubes of the substrate and inhibitor experiment resulted in an increasing dominance of hydrogenotrophic Methanocorpusculum/Methanoculleus in Hz, and acetoclastic Methanosarcina species in GB, indicating an adaption of the methanogenic communities to different substrates.
Methane oxidation rates and cell numbers of methanotrophic bacteria
In general, MO started immediately, except in the 12-20 cm layer from GB where it started after approximately 18 h. The differences in potential MO rates (MORs) between the two lakes were statistically significant, whereas the differences between the depth layers within the lakes were not significant ( Fig. 3(a) ).
The constant MO activity with sediment depth was not reflected in the MOB cell counts, which showed highest cell numbers in the 6-12 cm sediment layer in both lakes (Fig. 3(b) ). In Hz, MOB cell numbers were significantly higher ((4.9 ± 0.8) · 10 5 to ð16.9 AE 3.4ÞÂ 10 5 g À1 dw Þ in all three sediment depths than in GB, where (1.4 ± 0.3) · 10 5 to ð3.5 AE 0.6Þ Â 10 5 g À1 dw were found ( Fig. 3(b) ). The differences in cell numbers between the depth layers within the lakes were also significant. To account for the different densities of the sediment layers (total dry weight per volume), cell numbers were also calculated per volume. This calculation resulted in about one order of magnitude lower cell numbers than per gram dry weight (with 0.56 · 10 5 to 1.8 · 10 5 ml À1 and 2.0 · 10 4 to 4.2 · 10 4 ml À1 for Hz and GB, respectively), but showed similar patterns with sediment depth.
Diversity of methanotrophic bacteria
To investigate the population structure of MOB, the diversity in the sediment samples, MOR incubations, enrichment cultures and gut content of chironomid larvae were investigated by fluorescence in situ hybridization and DGGE analysis. FISH with specific probes for the two MOB families revealed a dominance of type I MOB in the sediment samples of both lakes, while type II cells were only scarcely found (Fig. 4(a) ). This was supported by FISH analysis of sediments fixed after MOR measurements, and of enrichment cultures, which only contained type I MOB (Fig. 4(b) and (c)). Intact type I MOB cells were found in the gut content of chironomid larvae from both lakes (Fig. 4(d) ), and it was possible to get enrichment cultures of MOB from the gut content.
In agreement with the results from microscopic analysis, the PCR assays resulted in amplicons of the predicted size only for type I MOB. DGGE analysis of type I MOB specific PCR products revealed a simple community with only few bands per sample (Fig. 5, insert) . Sediment and MOR samples from both lakes and all sediment layers showed the same DGGE banding patterns. However, the patterns of enrichment cultures were different to those of the sediment samples, indicating a cultivation-based change in the community structure. Enrichment cultures from both lakes exhibited the same DGGE banding patterns. All sequences from DGGE bands (as marked in the insert in Fig. 5 ) clustered within the genus Methylobacter, despite different electrophoretic mobility.
Discussion
At the end of the summer, high activities of methanogens were expected for both lakes examined in this study, because stable anoxia in the hypolimnion of the dimictic lake (Hz) had developed and an enrichment of organic matter in the sediment of the polymictic lake GB could be expected. We assumed that higher rates of methane turnover in the stratified lake lead to higher cell numbers of MOB and thus give rise to a stronger 13 Cdepletion in the larval biomass than in the polymictic lake [4] . Indeed, the potential MPRs measured in sediment samples were about 5-fold higher, and the larval biomass was by 16& more 13 C-depleted in stratified Hz than in polymictic GB (Fig. 1) . Normalised to the sediment volume, the MPRs measured in Hz sediment were with 2.25 ± 0.22 nmol CH 4 cm À3 h À1 in the same range as the rates measured in sediment of the eutrophic Lake Dagow [31, 32] , but about 10-fold higher than the rates measured in sediment of the eutrophic lake Pluß-see [33] .
Methanogenic community structure and methane
In addition to the overall availability of methanecarbon (as reflected in MPR), its d 13 C signature is an important feature to characterize it as a basal food source. This signature is mainly dependent on the pathway used for methane production, resulting in d
13 C values of À80& to À110& and À50& to À60& for hydrogenotrophic and acetogenic methanogenesis, respectively [2, 34] . The methane d 13 C of Hz sediment incubations was more negative than of GB sediment (Table 2A) . With the exception of the 12-20 cm layer in GB, all methane d
13 C values were more negative than those generally reported for acetoclastic methanogenesis, indicating the importance of hydrogenotrophic methanogenesis in both lakes. The methanogenic community structure reflected these methane signatures, with a dominance of hydrogenotrophic methanogens belonging to Methanomicrobiaceae and Methanocorpusculaceae in Hz and the top layers of GB sediment and Partial sequences derived from DGGE bands were added to this tree using the Maximum Parsimony algorithm and only the positions present in the partial sequences, resulting in 155 valid columns. The tree topology was kept constant during addition of partial sequences. Hz: Holzsee, GB: Großer Binnensee, MOR: Sediment incubated with 3% methane for about one week to determine potential methane oxidation rates, Enrichment: Enrichment culture for MOB in modified NMS medium at 8°C, several transfers. a higher proportion of acetoclastic Methanosarcinaceae in the 12-20 cm layer of GB. This higher abundance of hydrogenotrophic methanogens was also in accordance with the stronger stimulation of methane production by H 2 /CO 2 than by acetate in both lakes (Fig. 2) . In eutrophic Lake Dagow, in contrast, acetoclastic methanogens were dominant [31, 32] . Furthermore, at low temperatures, H 2 /CO 2 -dependent methanogenesis is energetically less attractive than acetogenic [31, 35] . Thus, the methane produced in Hz and GB sediment incubations exhibited relatively negative d 13 
Over a prolonged incubation period during the substrate and inhibitor experiment, the methane d 13 C showed only minor changes, except for the 12-20 cm layer of GB. Here, the d 13 C signature became substantially lighter (Tables 2A and 2B) , indicating a shift of the methanogenic pathways towards hydrogen as substrate [2] . The methanogenic community composition, however, showed an increase in Methanosarcina related sequences. Nevertheless, these methanogens are able to utilise both H 2 /CO 2 and acetate [36] . Besides a shift in community composition, the observed change of methane d 13 C might be explained by a 13 C-depletion in the substrate acetate as a consequence of homoacetogenesis [37] . Unfortunately, the inhibition of methane production by BES addition did not result in an accumulation of acetate in the sediment porewater, preventing a 13 Canalysis of this precursor, but indicating a strong competition for this substrate in the sediments of both lakes. The analysis of carbon dioxide present in the incubations showed no substantial differences in d 13 C signatures between the lakes and the different depth layers (Table 2B) . Therefore, the observed changes in methane d 13 C most likely were caused by the development of different methanogenic communities in the differing lake environments.
The importance of methane oxidation in the lakes
Our hypothesis of higher methane turnover rates in the stratified lake was also confirmed for the MO activity. Potential MORs were about four times higher in stratified Hz than in polymictic GB (Fig. 3(a) ). The higher activity measured in Hz sediment compared to GB correlated with higher methanotrophic cell numbers (Fig. 3(b) ), thus leading to a higher availability of methane-derived microbial biomass in stratified Hz. The rates detected in the two lakes were in the same range as the MOR in the sediment of a pristine lake [38] , but lower than in Lake Washington (19- 
À1 , [39] ). Concerning MOB cell numbers, only a few investigations with MPN counts are available for comparison. Compared to soil from a flooded rice field in Northern Italy [40] , the lake sediments investigated here were inhabited by 1-2 orders of magnitude less methanotrophs per gram dry weight. In landfill cover soil, 10 8 -10 11 g À1 dw MOB cells were detected [41] , despite similar methanotrophic activity as in the lake sediments. To avoid an underestimation of MOB cell numbers by cultivation based methods, the MO activity can be used to estimate cell numbers. With a specific activity factor of 0.5-3 · 10 À9 lmol CH 4 cell À1 h À1 [42] , cell numbers of 0.3-3.3 Â 10 9 g À1 dw MOB and 1.4-9.0 Â 10 9 g À1 dw were calculated for GB and Hz, respectively. These high cell numbers demonstrate that MOB could provide a substantial carbon source for higher organisms in aquatic systems.
Interestingly, high initial potential MORs were not only detected in the top layers of the sediment, where optimal conditions for methanotrophs were expected, but also in the deeper layers investigated. These substantial initial rates indicate that the MOB were in an active state in situ. As MOB preferentially grow at oxic/anoxic interfaces in flooded environments [43] [44] [45] [46] , these high rates indicate the presence of oxygen in the usually anoxic main body of the sediment, which could be achieved by bioturbation and/or bioirrigation. Chironomid larvae are well known for their bioturbating and irrigating activity [47] [48] [49] , thus creating better growth conditions for their probable food source methanotrophic bacteria. Enhanced MO due to the presence of and bioturbation by chironomid larvae has been shown for rice field soil [50] . To calculate the increase of the sediment surface by larval bioturbation, the natural abundance of C. plumosus per square meter was determined, resulting in 1600 and 190 individuals m À2 in GB and Hz, respectively. We assumed a mean length of the tubes of 0.2 m and an inner diameter of 2 · 10 À3 m, and used the coat surface of a cylinder for calculation. With these parameters, larval bioturbation increased the sediment surface 3-fold in GB, but only 1.2-fold in Hz. The strong effect of bioturbation on the sediment structure in GB could be an important factor, influencing the degradation pathways of organic matter and reducing the carbon flow into the microbial methane cycle, resulting in the lower MPRs and MORs measured. Thus, besides the recycling of organic carbon in the water column of shallow lakes, the oxygenation of the sediment by bioturbation could influence the importance of methane as a basal food source in lakes.
In both lakes, exclusively type I MOB with highest sequence similarity to the genus Methylobacter were detected by PCR-based DGGE in the original sediment, in sediment after MOR measurements and in enrichment cultures (Figs. 4 and 5) . Even though this DNA-based method does not allow to conclude on the active community, the dominance of type I MOB even in enrichments indicates that type II MOB were only rarely, if at all, present in the original sediment samples. Additionally, the results obtained by DGGE were verified by the lack of signals for type II MOB using FISH, which should have resulted in bright signals with vegetative cells. We therefore conclude that type I MOB were even the dominant active group of MOB in situ, which convert methane into microbial biomass. This dominance of type I MOB could affect the MOB biomass d 13 C, due to their assimilation of methane via the ribulose monophosphate pathway. Jahnke et al. [7] showed that type I MOB biomass was 13 C-depleted by À12.6& to À23.9& compared to methane, whereas type II MOB were 13 C-enriched when methane was growth limiting. Summons et al. [8] found an isotope fractionation of À16& to À30& for Methylococcus capsulatus biomass compared to methane, depending on the growth stage and cell density of the culture. Therefore, although not measured, the MOB biomass d 13 C in the two lake sediments investigated here was most likely depleted by 13-30& compared to methane.
The factors influencing the dominance of either family of MOB are not well known. In some lakes and systems with low temperature, type I MOB were found to be dominant [51, 52] , but in other investigations they were not [39, [53] [54] [55] . Another important factor for the competition of MOB is the availability of nitrogen. Type I MOB were reported to prevail in systems with low methane and high nitrogen concentrations [56, 57] , conditions which probably occurred during most of the year in the eutrophic and phosphor-limited lakes investigated here.
4.3.
Internal recycling of carbon in the lake and chironomid larval d
C signatures
Besides a higher proportion of methane-carbon in the diet, the stronger 13 C-depletion of methane and larval biomass in Hz might also be caused by a longer recycling of carbon in this lake, leading to an overall depletion in d 13 C signatures. The methane d 13 C from initial sediment incubations of the two lakes showed a difference of 10&, which was also found for the organic carbon fraction in sediment samples (Table 2) , indicating a general 13 C-depletion of the organic carbon fraction in Hz compared to GB. However, the larval d 13 C differed by 16& between the lakes, with -47& and À31& in Hz and GB, respectively. Thus, the larval biomass showed a depletion of 20& compared to the sediment in Hz and of only 13& in GB, supporting the postulated higher proportion of methane-carbon in the larval diet in Hz.
To explain their depleted d 13 C signature, the larvae need to assimilate methane-derived carbon. This could be achieved by feeding on MOB and digestion of the bacterial cells [4] . The presence of intact type I MOB cells in the larval gut clearance (Fig. 4(d) ) indicates that MOB might survive the gut passage and might even be a part of the gut microflora of the larvae. Nevertheless, the cleared gut content might have passed faster than naturally through the larvae, since it was collected from larvae laying overnight in filtered tap water at room temperature.
To estimate the percentage of methane-carbon contributing to larval biomass, we used a simple 2-source, isotope-mixing model [58] , assuming sediment carbon and MOB as the only food sources. The MOB d 13 C value used for our calculations was derived from the weighted mean methane value for the 20 cm of sediment with an isotope fractionation of À16& or À30& applied [8] . With a mean methane d 13 C of À78.9& and À65.3& for Hz and GB, respectively, the d 13 C of MOB biomass was calculated to span from À94.9& to À108.9& in Hz and from À81.3& to À95.3& in GB with a À16& or À30& fractionation applied, respectively. For the sediment d 13 C, weighted mean values of À27.2& and À17.8& were used for Hz and GB, respectively. According to the model, and not accounting for larval trophic fractionation, methane-carbon contributed 24.1-29.1% of larval biomass in Hz, and 16.5-20.2% in GB. Kelly et al. [4] applied a 16& fractionation factor in the model and reported values similar to Hz for C. plumosus from comparable lake types (Esthwaite and Blelham Tarn in the UK), but lower values from L. Neagh (<10%), which is polymictic and thus comparable to GB.
Conclusions
The more negative d 13 C signatures of chironomid larvae found in the stratified lake Hz compared to polymictic GB corresponded to higher methane turnover rates and higher MOB cell numbers in the sediment. The higher uptake of methane-carbon was confirmed by calculations based on a 2-source isotope-mixing model, resulting in a contribution of methane-carbon to larval biomass of 24.1-29.1% and 16.5-20.2% in Hz and GB, respectively. No difference in the population structure of MOB was found between the two lakes investigated, thus no specialized MOB community was linked to the larval carbon signature. Therefore, the comparison of the microbial methane cycle in the lake sediments and the d 13 C signature of the C. plumosus larvae revealed a connection based on the quantity of the microbial methane turnover present in the sediment. The interaction between larvae and microorganisms was most likely based on feeding or farming, and not symbiosis, but further investigations are needed to unravel the carbon transfer pathway. and F. Schrage for access to Großer Binnensee and Holzsee, respectively, Peter Frenzel for helpful comments on the manuscript and Winfried Lampert for the excellent working conditions. Matthias Gehre is acknowledged for help in the isotope laboratory of the UFZ. Financial support came from the Max Planck Society (Germany).
